a Oil/water separation (OWS) technology has become an increasingly crucial tool to protect the environment and reduce the economic losses caused by the discharge of oily wastewater and oil spills. Recently, porous materials with superwettability have been applied in effective OWS and have achieved tremendous success.
Introduction
Oil/water separation (OWS, i.e., the separation of oil and water) has become an urgent issue and a worldwide challenge because of the ever increasing frequency and amount of oily wastewater discharge and oil spill accidents. [1] [2] [3] [4] [5] [6] The oil pollution not only seriously destroys the ecological environment but also causes huge economic loss. [5] [6] [7] [8] [9] A typical example is the Gulf of Mexico oil spill, which happened in 2010 and caused about 2 gallons of crude oil to be leaked on the sea surface ( Fig. 1a and  b) . 5, 10 Such an unprecedented environmental catastrophe has resulted in immeasurable damage to the marine ecosystem as well as public health ( Fig. 1c and d) . To protect the environment and reduce economic loss, there is an urgent need for developing advanced materials and technologies for effective OWS. Conventional materials and methods (e.g., absorption, gravity separation, otation, skimming, and centrifugation) used to solve those oil-pollution problems oen suffer from many limitations, such as low separation efficiency, high cost, low selectivity, the need of driving energy, and the generation of secondary pollutants. 1, 3 Recently, porous materials with opposite superwettabilities to water and oil are successfully applied in the eld of OWS. Those materials usually have both superhydrophobicity and superoleophilicity, or have both superoleophobicity and superhydrophilicity. For instance, Feng et al. rstly fabricated a superhydrophobic lm (i.e., rough Teon-coated metal mesh) that also had superoleophilicity.
11
The mesh successfully separated the oil/water mixture (OWM, i.e., the mixture of oil and water). The porous lm allowed oil to permeate through but completely intercepted the water phase. Xue et al. prepared an underwater superoleophobic porous lm (i.e., nanostructured hydrogel-coated metal mesh) and also achieved OWS by using such a mesh. 19 When poured OWM onto the water-wetted mesh, the water phase could wet and penetrate through the mesh because of the superhydrophilicity, while the oil phase always remained above the mesh. Inspired by the above-mentioned research works, a large number of porous materials with superhydrophobicity/superoleophilicity or superoleophobicity/superhydrophilicity have been developed in order to achieve OWS. 12, 13, 16, 21, 22, 24, 25, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] With the advent of a femtosecond (fs) laser, the microfabrication based on the fs laser has been rapidly applied in the eld of advanced nano/microfabrication and other modern manufacturing. [47] [48] [49] [50] [51] [52] [53] [54] [55] Such technology has many denite advantages in designing surface microstructures, including small heat-affected zone, high spatial resolution, non-contact manufacturing, etc. [56] [57] [58] [59] In particular, fs laser can process almost all of the known materials and directly create micro/ nanoscale structures on the surfaces of various kinds of materials (e.g., semiconductors, metals, polymers, glasses, and ceramics) through simple one-step ablation. [56] [57] [58] [59] [60] In addition, the fs laser can not only generate uniform large-area rough microstructures on the surface of a substrate but also drill microholes array through a thin lm. 28, 47, 61, 62 In recent years, fs laser microfabrication obtains great success in adjusting the surface wettability of different solid materials, because wettability is mainly depended on the surface microstructure and chemical composition of the material surfaces. 47, 48, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] Various superhydrophobic surfaces and underwater superoleophobic surfaces have been prepared through fs laser processing. [47] [48] [49] [50] [51] [52] [53] [54] [55] 61, [73] [74] [75] [76] [77] The fs laser-structured superwetting porous materials also have important applications in OWS. 16, 28, 62, [78] [79] [80] [81] Prof. Chunlei Guo is a Professor in The Institute of Optics at University of Rochester. He also directs the Guo China-US Photonics Laboratory at CIOMP, China. His research interests focus on laser-matter interactions at high intensities, nanophotonics, femtosecond laser surface nano and microstructuring, and surface plasmonics. He ' an Jiaotong University, and he is also the director of the Shaanxi Key Laboratory of Photonics Technology for Information. His research interests mainly focus on photoelectronic materials and devices.
In this paper, we will review the recent advancements of femtosecond laser-induced superhydrophobic or underwater superoleophobic porous materials and their applications in OWS. This review starts with the introduction of the signi-cance and urgency of performing highly efficient OWS (Section 1). Then, the theoretical basis of wettability, the features of fs laser microfabrication, and the typical separating ways based on the superwetting porous materials are presented as the related background (Section 2). The next part shows the practical applications of the fs laser-induced superwetting porous materials towards OWS (Section 3). We will focus on discussing the wettability of the separation materials, the separation method and operation, and the separation mechanisms. In the end, the current challenges in the eld of OWS using the fs laser-induced superhydrophobic or superoleophobic porous materials will also be discussed (Section 4).
Background
Asians love lotus very much because it grows in the silt but not imbrued (Fig. 2a) . Rain droplets or dewdrops can maintain an approximately spherical shape on a lotus leaf. As the lotus leaf is slightly shaken, the droplets will freely roll off and take away the contaminant on the leaf surface, achieving cleaning function by itself. This phenomenon is called "lotus effect" or "self-cleaning effect".
82-84
Such property is ascribed to the superhydrophobicity of the lotus leaf surface (Fig. 2d) . 84 It has been demonstrated that a large number of papillae with the size of several micrometers randomly distribute on the surface of lotus leaf (Fig. 2b) . Every papilla is further covered with abundant nanorods and a hydrophobic wax crystal layer (Fig. 2c) . If a water droplet is placed on the lotus leaf, the hydrophobic micro/nanoscale hierarchical structure will li the droplet and reduce the effective contact area between the surface microstructure and the droplet, forming a layer of trapped air cushion underneath this water droplet.
85-89 Such Cassie wetting state results in the strong water-repellent ability of lotus leaf. 70, 86 The natural synergy between the hierarchical rough microstructure and the low-surface-energy chemical composition endows lotus leaf with excellent superhydrophobicity and ultralow adhesion to water droplet. There also exist many other animals and plants having superhydrophobic surfaces in nature, such as legs of a water strider, 90 It is found that the sh scale (Fig. 2e) has the strong anti-oil capability in water, allowing sh to freely swim in the oilcontaminated water with a clean skin. The underlying mechanism of such underwater oil repellency has been revealed by Jiang's research group, which is considered as the direct result of the superoleophobicity of the sh scales in a water medium. 100 There are many oriented micropapillae distributing on the fan-shaped sh scales (Fig. 2f) . The micropapillae are 200 AE 100 mm in length and 35 AE 5 mm in width. The surface of the micropapillae is further decorated with abundant ne-scale "nano-pimples" (Fig. 2g) . In addition, the sh scales are mainly made up of the skeleton of hydrophilic calcium phosphate and protein, coated with a relatively thin mucus layer. The rough microstructure and the hydrophilic composition result in superhydrophilicity of the sh scales. 7, 84, 100 In the water environment where shes generally live, the rough microstructures of sh scales are wet by water and water is trapped in such microstructures. As long as an underwater oil droplet comes in contact with the sh scale, this droplet will just touch the tips of the surface microstructure because it is repelled by the trapped water cushion. Therefore, the cooperation of the rough surface morphology and hydrophilic chemistry allows underwater oil droplets on a sh scale to be at the underwater Cassie wetting state, endowing the sh scale with underwater superoleophobicity and great oil repellency (Fig. 2h ).
49,70,100
Moreover, the shell of a clam, 101 the back of a lotus leaf, 102 seaweed, 103 and lesh skin 104 also possess an underwater superoleophobic surface.
Inspired by the above-mentioned creatures, more and more superhydrophobic materials and underwater superoleophobic materials are developed by properly designing surface microstructures and chemical composition on different substrates. 47, 48, [63] [64] [65] [66] [67] [68] [69] [70] 
Theoretical basis on surface wettability
Surface wettability can be evaluated by testing the contact angle (CA) and sliding angle (SA) of a small liquid droplet on the target substrate. The CA is generally used to describe the static aspect of surface wettability while the SA can reect the dynamic behavior of a droplet on the substrate. 70, 71, 105 For a droplet on a material surface, CA (it appears as "q" in the formula) refers to the angle between the tangent to the air/liquid curved surface and the liquid/solid interface at the three-phase contact line (TPCL), as shown in Fig. 3a . Water droplet has a water CA (WCA) smaller than 90 on a hydrophilic substrate while a WCA larger than 90 on a hydrophobic substrate. For the extreme cases, WCA # 10 and WCA $ 150 are the criterions of superhydrophilicity and superhydrophobicity, respectively. When the substrate is gradually tilted until the droplet is just able to roll away, the tilted angle is known as the SA (Fig. 3b) . A smaller SA value means that the substrate shows a smaller adhesion to the liquid droplet. 75, [106] [107] [108] [109] [110] [111] In addition to a very large CA, the lotus leaf and sh scale also have an ultralow adhesion to water and underwater oil droplets with SA less than 10 , respectively.
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Young wetting model is generally used to describe the wettability of a droplet on a at substrate, as shown in Fig. 3a . 70, 112 The CA (q) can be estimated by Young's equation:
where the g SV , g SL , and g LV are the interfacial tension between the solid and vapor phases, the solid and liquid phases, and the liquid and vapor phases, respectively. In most cases, the substrate surface usually has a different degree of roughness rather than ideal smoothness. The rough surface microstructures also have great inuence on the wettability of the materials besides their chemical composition. 85 The wettability of a liquid droplet on a rough substrate can be described by three wetting models: Wenzel state, transition state, and Cassie state. 69, 70, 85, 105, 113 In the Wenzel state, the liquid droplet wets the rough microstructures of the substrate surface so that the valleys of the microstructures are fully lled with liquid (Fig. 3c) . 114 Wenzel pointed out that the roughnessinduced increase of the actual surface area of the rough solid surface is able to amplify the wetting nature of the substrate. Therefore, he carried on a modication to Young's equation as: where q* is the apparent CA of a droplet on the rough substrate, q is the intrinsic CA on a at substrate (Young's CA), and R (roughness factor) is the ratio of the actual surface area to the projected area. When the valleys of the microstructures repel liquid and the liquid is difficult to penetrate into the valleys, the liquid droplet can just sit on the top of the surface microstructure, with air pockets trapped beneath the droplet (Fig. 3d ). Cassie and Baxter put forward a new wetting state to describe a small droplet on a solid/air heterogeneous substrate by the following:
where q* is the apparent CA of a droplet on the textured substrate, q is the intrinsic CA on a at substrate, and f is the area fraction of the surface that contacts with the liquid. Sometimes, the liquid droplet only partially penetrates into the valley of the surface microstructures (Fig. 3e ). Such wetting model is considered at the transition state from the Wenzel to the Cassie states. 75, 85, 106, 108, 110, 111, [116] [117] [118] [119] The rough surfaces at the Wenzel/Cassie states usually exhibit very high/low adhesion to a droplet, respectively. Interestingly, the surfaces belonging to transition model oen have different adhesion ranging from low to high to liquid droplets, which depends on the extent of the liquid penetrating into the surface microstructures. 106, 108, 110, 117, 118 In the Cassie state, the trapped air layer effectively reduces the contact between the substrate and the droplet, so such substrate has perfect water repellency. The Cassie state can be extended to a solid/water/oil three-phase system. When a rough (super) hydrophilic substrate is immersed in water, the surface microstructure will be completely wetted by water. As shown in Fig. 3f , a trapped water cushion will form between the material surface and the oil droplet aer placing an oil droplet onto such pre-wetted substrate. Oil droplet only touches the peak of the surface microstructure, like sitting on such solid-water composite interface. Such oil droplet is at the underwater Cassie state, which was originally proposed to explain the anti-oil ability of sh scale. 21, 24, 100, [120] [121] [122] [123] [124] [125] The repulsive force between the trapped water layer and oils endows the substrate with the great oil-repellent property.
Features of femtosecond laser microfabrication
Laser processing is an important tool in modern manufacturing, extreme machining, and ultra-precise machining. Among the laser pulses with different duration/ width, fs laser becomes a bright star in advanced nano/ microfabrication nowadays due to its ultra-short pulse width as well as extremely high peak intensity. [56] [57] [58] [59] 126 Those features allow the fs laser to have many denite advantages during ablating a solid substrate, including small heat-affected zone around the ablation spot, high spatial resolution, extensive material processing, non-contact manufacturing, etc. [56] [57] [58] [59] Fs laser can ablate almost all of the known materials and directly generate microscale and nanoscale structures on the material surfaces via simple ablation. [56] [57] [58] When the fs laser pulses are irradiated on a solid substrate (e.g., silicon surface), the multiphoton/avalanche ionization will occur because of the nonlinear absorption of the substrate, leading to part of laser energy be absorbed by electrons. 60, 127, 135, 152 The energy absorbed by electrons is further forwarded to the crystal lattice and then diffuses into material. Meanwhile, the generated plasma with high pressure and high temperature expands and bursts out of the ablation spot, and the ionized materials on the substrate surface are removed away. The ejection of the ablated material leads to the permanent damage of substrate surface and the formation of various rough surface microstructures. In addition, a large number of ejected molten particles fall down and solidify, known as the re-crystallization process, resulting in abundant self-assembly ne nano-protrusions coating on such microstructures.
127 Fig. 4a and b shows the SEM images of a steel foil (thickness of 100 mm) with a microhole structure ablated by nanosecond laser (pulse width of 3.3 ns) and fs laser (pulse width of 200 fs), respectively. 153 Regarding the nanosecond laser-treated surface, severe swelling formed around the ablated microhole, resulted from melting (Fig. 4a) . On the contrary, the edge of the fs laser-induced microhole was very sharp and its wall was very steep, demonstrating a limited heataffected zone and high precision during fs laser micromachining (Fig. 4b) . The contrast effect can also be veried on the transparent material surfaces. Fig. 4c and d reveals the microstructures of the NaCl surfaces that were ablated by 16 ns and 300 fs lasers (wavelength ¼ 248 nm), respectively.
154 NaCl was transparent at the wavelength of 248 nm in this experiment. Taking advantages of limited heat-affected zone and high precision, various very sophisticated microstructures can be designed and fabricated by fs laser microfabrication, as well as a series of special surface wettabilities. 47, 48, 61, 73, 86 Fig . 5 shows a laser processing system. 86 The sample is mounted on a 3D translation platform whose movement is precisely controlled by a computer. Optical lens (e.g., objective lens or plane-convex lens) is usually used to focus the laser beam onto the sample surface. The energy of the focused laser beam is changed by a variable attenuator. Turning on/off the laser beam is controlled by an electromechanical shutter. In general, there are mainly two processing manners used in laser microfabrication, i.e., the line-by-line (LBL) scanning manner and the point-by-point (PBP) ablation (inset of Fig. 5 ). The former manner is widely used to generate separated microgrooves or uniform large-area rough surface microstructures, while the latter can drill microholes array. The crucial parameters in the LBL laser scanning include laser energy, scanning speed, and the interval/shi of the scanning lines. By contrast, laser power, the exposure time of every ablation point, and the space between ablated spots are the crucial parameters in the PBP laser ablation. The main parameters that were adopted to fabricate superwetting surfaces introduced in this review are listed in Table 1 .
Fs laser has been widely applied in high-precision and highquality micro/nanomachining, including nano-grating, cutting, drilling, generating micro/nanostructures, and surface Compared to the common methods for achieving superhydrophobicity and underwater superoleophobicity, fs laser microfabrication has some particularly special aspects. Firstly, the fs laser is able to ablate most of the materials, without being restricted to specic materials. Secondly, different micro/nanostructures can be directly built on materials surfaces just by a one-step ablating process, so the fabrication process is rather simple. Thirdly, the laser processing position is precisely controlled by a program; thereby various micropatterns can be easily obtained without the need of expensive masks. Sophisticated and heterogeneous wettability is possible to be exhibited by those micro-patterns. Fourthly, the rough surface morphology, as well as the surface wettability, can be simply adjusted by the used laser power, the scanning speed and track during laser ablation. Finally, laser processing is a physical and mechanical process, without the need of toxic and dangerous chemical reaction and other operation steps. The diversity of the surface wettability of the fs laser-structured materials allows these materials to potentially separate OWM in a variety of ways. 16, 28, 62, [78] [79] [80] [81] 2.3 Oil/water separation by the superwetting porous materials
Extreme wettability and porous microstructure are necessary to achieve effective and repeatable OWS. Superhydrophobic porous membranes, underwater superoleophobic porous membranes, and superhydrophobic three-dimensional (3D) porous oil absorbent are three most commonly used superwetting materials in highly efficient OWS. [1] [2] [3] [4] [5] Fig. 6a displays the process of separating the OWM by using a superhydrophobic but superoleophilic porous membrane (such as metal meshes, fabrics, bers, polymer membranes, etc.). The oil phase in the mixture is able to wet and penetrate through the membrane driven by superoleophilicity and gravity force, while water phase is prevented from passing through this membrane due to the superhydrophobicity of the membrane surface. [11] [12] [13] [14] [15] [16] [17] [18] 37, 44, [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] [182] [183] As a result, oil is removed from the mixture; that is, the OWM is separated. Regarding the underwater superoleophobic porous membranes (such as metal meshes, fabrics, bers, polymer membranes, etc.), their surfaces usually show superhydrophilicity (or strong hydrophilicity) in air besides the superoleophobicity in water, according to the formation principle of underwater superoleophobicity. Once the OWM is poured onto such membrane that is previously wetted by water, superhydrophilicity will lead the water in the mixture to permeate through the membrane (Fig. 6b) . On the contrary, oil phase is repelled by the pre-wetted membrane because of underwater superoleophobicity, so oil always stays on the membrane. 6, 7, 19, 21, 22, [24] [25] [26] [27] [28] [29] 35, [38] [39] [40] [41] [42] [43] 120, [184] [185] [186] [187] [188] Therefore, water in the mixture is removed, leaving only oil. Achieving OWS by using two-dimensional (2D) porous superhydrophobic or underwater superoleophobic membrane is indeed the ltering method. However, the above two separating ways are very difficult or even are impossible to solve the oil-polluted water in some special cases, such as a small amount of oil being leaked to sea surface and the case of leaked heavy oils on the seaoor. Fortunately, those special cases can be addressed by the superhydrophobic/superoleophilic 3D porous bulk materials (such as sponge, foam, aerogel, etc.) that can directly absorb and remove oils from water based on an absorption way. As shown in Fig. 6c , when such porous materials come in contact with the OWM, superoleophilicity and capillary action allow the oil phase in the mixture to be absorbed and enter into the inner space of the 3D porous materials. On the contrary, the water phase is repelled by the materials due to their superhydrophobic surfaces. Only oil phase is selectively absorbed by the 3D porous materials. 13, 20, 23, [30] [31] [32] [33] [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] As the materials are taken out of the mixture liquid, the oil phase is also taken away by the superhydrophobic 3D porous materials, so the oil part in the mixture is removed. The absorbed oil can be easily released and collected for reuse by squeezing the oil-lled porous materials. Particularly, the superhydrophobic 3D materials can completely remove the oils both on water surface and underwater. Of course, the reported superwetting materials and the separating ways used in OWS are not limited to the abovementioned three types.
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The OWM is oen diverse, including the cases of oils on water surface, oils underwater, water-in-oil emulsion, oil-in-water emulsion, and so on. To perform efficient OWS, the separating materials should give play to their respective characteristics in structure and wettability, depending on the different types and properties of the OWMs.
2.3.1. Superhydrophobic lter membranes. Feng et al. fabricated a rough polytetrauoroethylene (PTFE)-coated stainless steel mesh by a spray method.
11 A homogeneous emulsion containing hydrophobic PTFE was used as the precursor. There were lots of ball-and block-like structures randomly distributing on the mesh surface ( Fig. 7a and d) . The diameter of every micro-ball was 2-5 mm and its surface was characterized by dense nano-craters whose size was $71 nm in diameter. The hierarchical microstructure endowed the asprepared mesh with superhydrophobicity (Fig. 7c) . On the asprepared mesh, water droplet showed a WCA of 156.2 and could spontaneously roll off a 4 tilted mesh. On the contrary, oil droplet could completely wet the resultant mesh and nally penetrate through the mesh, revealing the superoleophilicity of the rough mesh (Fig. 7d) . The PTFE-coated mesh was able to effectively separate OWM due to its coinstantaneous superhydrophobicity and superoleophilicity. When the mixture was poured on the resultant mesh, only oil passed through such mesh but the water was intercepted. Gao et al. fabricated superhydrophobic foams by in situ Glaser-Hay coupling reaction and polydimethylsiloxane (PDMS) coating treatment. 172 Copper foam was used as the substrate because it not only could act as the catalyst for the graphdiyne synthesis but also had inherent porous skeleton. The whole surface of the resultant copper skeleton was covered by vertical honeycomb-like nanoscale graphdiyne. The thin lm of the as-prepared superhydrophobic foam exhibited great performance in OWS, with only allowing oils to pass through. Cao et al. coated a stainless steel mesh with polydopamine through immersing in an aqueous solution of dopamine and then used n-dodecyl mercaptan to conjugate with the polydopamine lm by the Michael addition reaction. 44 The as-prepared mesh exhibited high level of hydrophobicity and superoleophilicity, and could separate various mixtures of water and oils like diesel, gasoline, etc. Yu et al. roughened a stainless steel mesh by growing highly dense boron nitride nanotubes on its surface. 37 The nanotubes with the diameter of 100-400 nm enhanced the wettability of the mesh from intrinsic hydrophobicity to superhydrophobicity. By using the nanotubescoated mesh as a lter membrane, oil could be efficiently separated from water in oily sewerage. Zhou et al. reported a simple in situ vapor phase deposition route to fabricate superhydrophobic cotton fabrics for the application of OWS.
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The obtained fabrics allowed the permeation of oils but resisted water. Particularly, the oil/water separating fabrics still had high efficiency even under harsh conditions (e.g., strong acidic/ alkaline solution, high temperature, mechanical forces, and high humidity). Li et al. obtained a superhydrophobic/ superoleophilic hybrid mesh through the deposition of candle soot and hydrophobic silica nanoparticles on a stainless steel mesh. 18 The membrane showed excellent water repellency to even corrosive and hot liquids. Therefore, it was able to separate different mixtures of oils and hot water or strong acidic/ alkaline/salty solutions. Zhou et al. prepared a kind of titanium dioxide nanorods-structured copper foams by hydrothermal deposition.
174 Both water and oil could easily wet and be absorbed by the resultant foam. However, the foam was superhydrophobic underwater oil. If a thin lm of the underoil superhydrophobic foam was previously wetted by oil and then the OWM was poured onto this lm, oil phase would penetrate through the pre-wetted lm while water phase would retain above the lm all the time. Wang et al. made a small oil containment boom which could separate and collect oils from water surface. 175 A rough layer of Cu 2 O microstructure was rst deposited onto the surface of a copper mesh by an electrodeposition process. The resultant mesh had all the features of porosity, superoleophilicity, and superhydrophobicity. Then, the mesh sheet was enfolded into a small box. Once the containment boom came in contact with the oil oating on water, the oil slick would instantly penetrate through the box's side walls and gather into the containment boom, whereas water would be strongly repelled out of the box. As a result, the oil pollutant was removed, achieving OWS.
2.3.2. Underwater superoleophobic lter membranes. Xue et al. reported an underwater superoleophobic hydrogel-coated stainless steel mesh which had great ability in OWS. 19 The surface of the wire of the resultant mesh was covered with plenty of papillae structures with the size of 80-500 nm in addition to the microscale pores of the mesh (Fig. 7e and f) . There was no hydrogel coating in the pores of the mesh, so the meshes maintained open. The coated mesh exhibited superhydrophilicity in air, while superoleophobicity was presented by the mesh underwater (inset of Fig. 7e ). The measured oil CA (OCA) of an underwater oil droplet on such mesh reached up to 155.3 , and the adhesion of the mesh to this oil droplet was only 0.8 mN. An oil/water separating device was designed by xing the pre-water-wetted mesh between two glass tubes (Fig. 7g) . Aer the mixture of water and crude oil being added into the upper tube of this device, water rapidly penetrated through the superhydrophilic mesh and dropped into the collecting container below (Fig. 7g) . By contrast, the oil in the mixture always remained above the mesh for the underwater superoleophobicity of the pre-wetted rough mesh (Fig. 7f) . Following the same process, various mixtures of water and different oils or organic solvents could be successfully separated. Wen et al. endowed a metallic mesh with excellent superhydrophilicity and underwater superoleophobicity by growing a zeolite coating on the mesh surface. 22 Various oils could be separated from water by using such zeolite-coated mesh. Li et al. coated a copper mesh with a layer of palygorskite by spraying the mixture consisting of palygorskite powders and waterborne polyurethane onto the mesh's surface. 42 The excellent environmental stability allowed the as-prepared underwater superoleophobic mesh to separate a series of mixtures of oil and various corrosive acidic, alkaline, salt, or hot water solutions.
Yong et al. found that sand layer had strong ability of absorbing water and exhibited (quasi-) superoleophobicity and extremely low adhesion to various oil droplets in water. 6 The pre-wetted superhydrophilic and underwater superoleophobic sand layer was applied in OWS with high efficiency and wonderful separation capacity. Since the sand particles used in OWS can be directly obtained from the desert without any other treatment, this sand-based separating route is low cost, green, eco-friendly, and has the potential for large-scale application. The waterwetted natural wood sheets could also be used to separate OWMs. 7 Li et al. prepared hierarchical TiO 2 nanotubes on a porous titanium substrate by electrochemical treatment and subsequent calcination in air. 38 The porous lm with underwater superoleophobicity could achieve OWS as it only permitted water to penetrate through. Moreover, once the material was polluted by organic contaminant during OWS, the special surface wettability could be recovered via UV treatment because the photocatalysis of the hierarchical TiO 2 nanotubes was able to decompose the toxic organic molecules under UV light. Such UV-induced self-cleaning was essentially important for the as-prepared material towards OWS. Dong et al. coated a stainless steel mesh with hydrophilic graphene oxide (GO) nanosheets. 41 Because of the completely opposite wettability (i.e., in-air superhydrophilicity and in-water superoleophobicity) to water and oil, the GO-coated mesh was successfully applied in gravity-driven OWS. Zwitterionic poly(-sulfobetaine methacrylate) (pSBMA) can strongly interact with water by electrostatic interactions, so it is a kind of typical superhydrophilic polymer. Liu et al. used the method of surfaceinitiated atom transfer radical polymerization to gra pSBMA onto the surface of glass bers. 184 The pSBMA-graed glass slide was underwater superoleophobic and showed great ability to separate oil from water. Cheng et al. developed a pHcontrollable OWS based on the metal mesh that was integrated the Cu(OH) 2 nanorods and the assembled responsive thiol molecules on a copper mesh. 43 The as-prepared mesh showed superhydrophobicity to non-alkaline water droplet but superhydrophilicity to alkaline water droplet. Meanwhile, the mesh was superoleophobic in alkaline water. With such mesh as the lter, the process of separating OWM could be triggered by increasing the pH of the water in the mixture. Zhang et al. fabricated a poly-(acrylic acid)-graed poly(vinylidene uoride) separating lm by a salt-based phase-inversion method. 39 The formation of a hierarchical microstructure endowed the membrane with superhydrophilicity and underwater superoleophobicity. Both the surfactant-stabilized/-free oil-in-water emulsions could be efficiently separated using the resultant membrane.
Typically, the superhydrophobic/oleophilic porous membranes achieve oil/water separation by unidirectional oil transportation and intercepting water; whereas the underwater superoleophobic membranes separate oil from water by discharging just water, because light oils cannot penetrate through the superoleophobic water/membrane interface. However, both of these kinds of separating mesh/membranes are not universally applicable. Each kind of mesh is only suitable for a certain case based on the comparison between oil density and water density. Furthermore, both of them are unable to realize unidirectional transport of water or oils. Inverse ow usually results in poor separation selectivity and low the separation efficiency in the real separation process. Recently, Janus membranes with asymmetric superwettabilities on both sides have emerged as a solution to the above-mentioned problems. [204] [205] [206] [207] [208] For example, Cheng et al. obtained a Cu(OH) 2 nanowires-structured mesh with asymmetric wetting performance: one side shows hydrophilicity and the other shows hydrophobicity. 204 The lm was prepared by single-face modication of the textured metal mesh with the low-surface-energy uorosilane. Water can permeate from the hydrophobic side to the hydrophilic side, but is hindered in the opposite direction. Based on this special unidirectional water permeation property of the as-prepared Janus mesh, no matter the light oil/water mixtures (r oil < r water ) or the heavy oil/water mixtures (r oil > r water ) can be separated by simply changing the mesh direction. Regarding the light oil/water mixtures, water can pass through the mesh whereas oil is intercepted if the hydrophilic side faces the mixture. For heavy oil/water mixtures, oil can permeate the mesh and water is retained if the hydrophobic side faces the mixture. Gu et al. fabricated Janus hybrid membranes by respectively graing hydrophobic polymer and hydrophilic polymer from different sides of carbon nanotube membranes via self-initiated photo-graing and photo-polymerization.
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The resultant membranes with unique Janus wettability can effectively separate both surfactant-stabilized oil-in-water and water-in-oil emulsions. Wang et al. reported a Janus cotton fabric that was coated on one side by a hydrophobic polymer and on the other side by a polyamine. 206 The Janus cotton fabric is superhydrophobic on one surface and polyamine-bearing on the other. Various oil/water mixtures as well as oil-in-water emulsions can be separated by using the as-prepared Janus fabrics as lters. Hu et al. prepared bilayer membranes that feature asymmetric wettability across the membrane thickness by depositing an ultrathin layer of polydopamine-coated singlewalled carbon nanotubes on a porous solid substrate and subsequently coating with an ultrathin single-walled carbon nanotubes layer. 207 By adjusting the applied pressure across the membrane, both surfactant-stabilized water-in-oil and oil-inwater emulsions can be selectively separated. Yun et al. fabricated GO sponges by freeze-drying method. 208 The wettability of the GO sponge was further changed by oxygen (OGO, hydrophilic/oleophilic in air) or uorine (F-GO, hydrophobic/ oleophilic in air) functionalization. The obtained Janus GO was successfully applied to separate both water-in-oil and oil-inwater emulsions by changing the ow direction.
2.3.3. Superhydrophobic 3D oil-absorption materials. Zhu et al. fabricated a superhydrophobic and superoleophilic polyurethane sponge through a series of solution-immersion processes. 20 The as-prepared sponge showed a dark brown color, and its structure was composed of pores and interconnected framework (Fig. 7i and j) . The pores ranged from 200 mm to 450 mm, which provided a huge interior space of the sponge. The skeleton surface of the sponge was coated with plenty of nanoparticles (Fig. 7k) . The as-prepared sponge showed a WCA higher than 170 but could easily absorb a drop of lubricating oil; that is, the sponge displayed both superhydrophobic and superoleophilic properties. When the superhydrophobic sponge was dipped into the OWMs, the sponge could selectively absorb oils quickly but completely repel water, because of the inverse wettabilities of the sponge surface to water and oil ( Fig. 7l and m) . The sponge was able to fast absorb various oils up to above 13 times the sponge's weight. With pulling the sponge out of the water surface, the oils were easily removed from the mixture (Fig. 7n) . The absorbed oils in the sponge were easily collected just through squeezing the sponge. Furthermore, the removal and collection of oils by using the recovered sponge could be cycled for many times. Cui et al. synthesized a sponge-like bulk material that was made up of interconnected carbon nanotubes skeletons. 189 The sponge had many features such as very low density, a porosity of >99%, high exibility, and superhydrophobicity. The sponge could absorb different oils and organic solvents with remarkable selectivity. The absorption capacity reached up to 800 times the weight of the bulk material, as the sponge could swell instantaneously upon contact with oils. The as-prepared sponge could be potentially applied in large-area spill cleanup by quickly remove the spreading oil lm on water surface. Li et al. prepared a superhydrophobic attapulgite-coated polyurethane sponge via an ultrasonic dip-coating process. 190 The sponge was able to absorb a wide range of oils from water surfaces, even though the oils oated on hot water or corrosive aqueous solutions. As a result, the oils were removed from water surface. Hou et al. obtained the micro/nanoscale aggregations of poly((3,3,3-triuoropropyl)methylsiloxane) dispersed in acetone/water through a phase separation technology. 191 The aggregations could be deposited on the skeletons of different porous 2D and 3D substrates through different typical coating processes, resulting in the superhydrophobicity of those porous materials due to the aggregation-induced rough surface morphology and low surface energy. The as-prepared superhydrophobic porous materials had strong ability to separate OWM. For example, a coated sponge could absorb oils from water surface but repel water. Carbon soot is a common daily waste. Gao et al. reported a cost-effective oil-absorbent by coating a melamine sponge with carbon soot.
192 Oil contaminants could be completely removed from water by the absorbent. The carbon soot was obtained from a combustion ame, and the soot-coated sponge was synthesized by a simple dipcoating way. Zhao et al. obtained a superhydrophobic/ superoleophilic PDMS sponge by the polymerization of prepolymer and curing agent in dimethicone. 193 The microscale NaCl particles were adopted as the template. The as-prepared porous sponge presented high compressibility, stretchability, and chemical and thermal stability. The special wettability allowed the PDMS sponge to selectively absorb the oils either oating on water surface (light oil) or underwater (heavy oil). Du et al. designed multi-dimensional and well-dened magnetic microstructure on the surface of a melamine foam via the controlled precipitation and reductive annealing treatment.
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The as-prepared foam also had magnetic-driven property in addition to the superhydrophobicity and superoleophilicity. Therefore, the superhydrophobic foam could achieve remotecontrollability OWS, whose movement was controlled by magnetism. In fact, sometimes the 2D superhydrophobic porous mesh/membrane can also be transformed into different kind of 3D oil absorbents. Song et al. prepared a 3D oating-oil collection prototype device by using 2D superhydrophobic and superoleophilic metallic mesh. 13 Such mesh was capped on the open end of a glass beaker through a leak-proof manner. The beaker was partly immersed into a oating OWM in a tilted fashion, ensuring that part of the mesh contacted with the OWM and another part was exposed in air. The oating oil lm could easily wet and penetrate through the mesh, and nally enter into and be collected by the beaker, driven by the mesh's superhydrophilicity. Whereas, the water phase was completely repelled by the mesh and remained outside of the collection device.
Oil/water separation

Superhydrophobic porous membrane
Yong et al. obtained a superhydrophobic PTFE surface by a onestep fs treatment. 16, 77 The PTFE sample was simply ablated by fs laser based on the typical LBL scanning manner. Aer laser ablation, there were abundant pores and protrusions forming on the PTFE surface (Fig. 8a-c) . The pores were interconnected with each other, like an ant nest. The protrusions were 300 nm to 2 mm in size. Water droplets on the textured PTFE showed a WCA of 155.5 ( Fig. 8d and e) and could roll off once the sample was tilted 2.5 ( Fig. 8f) , indicating that the hydrophobicity of the PTFE material was amplied by the surface roughness resulted from laser ablation. Such fs laser-structured surface exhibited both superhydrophobicity and ultralow adhesion to water droplets because water droplets were at the Cassie wetting state on the microstructure. Different from the water wettability, the resultant rough PTFE surface showed superoleophilicity to an oil droplet. Once an oil (petroleum ether) droplet came in contact with the sample surface, the oil would spread out and wet the laser-structured area in a very short time (Fig. 8d) . The measured OCA was close to 0 . In general, rough microstructures have the ability to amplify surface wettability of solid materials, so the PTFE substrate was changed from intrinsic hydrophobicity (WCA ¼ 111.5 ) and oleophilicity (OCA ¼ 10.4 to petroleum ether) to contrasting superhydrophobicity and superoleophilicity by fs laser treatment.
Taking advantages of the superhydrophobicity and superoleophilicity of the fs laser-structured PTFE surface, Yong et al. further fabricated a superhydrophobic porous PTFE sheet by the combination of fs laser treatment and mechanical drilling method and then achieved OWS. 16 The surface of the PTFE sheet (thickness ¼ 300 mm) was rstly ablated by fs laser to form a layer of rough surface microstructures. Then, a microholes array through the sheet was generated on the laser ablated PTFE sheet by using a homemade mechanical drilling system consisting of a mini drill with 300 mm in drill bit diameter. The drill was controlled to pass through the thin sheet from the unablated side with the speed of 0.5 mm s
À1
, forming many ordered open microholes. Fig. 9a and b shows the surface microstructure of the resultant sheet. There was a microholes array uniformly distributing on the sheet. The diameter of the holes was 240-280 mm, with the extrusion and stretch occurring in the drilling process. The rest area between the microholes was characterized by rough microstructure resulted from laser ablation. When the unablated side of the sheet was exposed to a white light, the back-light could successfully pass through the holes but the rest domain still looked dark, with viewing from front side. The transparent region in Fig. 9c reveals that all of the drilled microholes were open. When oil droplets were dripped onto the porous rough PTFE sheet, the superoleophilicity allowed the oil droplets to fully wet the sample surface within only 20 ms (Fig. 9d) . As the number of oil droplets increased, the oil nally penetrated through the PTFE sheet along the perforated microholes (Fig. 9d ) and dropt down (Fig. 9e) .
The diametrically opposite wettability (i.e., superhydrophobicity and superoleophilicity) endowed the rough porous PTFE sheet with the ability to separate the OWM. 16 As shown in Fig. 9f , a man-made simple separating device was assembled by using the as-prepared sheet as the separating membrane. The superhydrophobic porous sheet was sandwiched between two glass tubes. When the mixture of immiscible oil (petroleum ether, red color) and water (blue color) was poured into the upper tube of the designed device, only the oil phase passed through the PTFE sheet. In contrast, the water phase was intercepted and always stayed on the sheet (in the upper tube) even aer that oil completely dropt into the below beaker. As a result, the OWM was successfully separated, just driven by gravity. Having superhydrophobicity and superoleophilicity simultaneously was essential for the porous PTFE surface to separate the mixture. Superhydrophobicity prevented the water part in the OWM from wetting the laser-induced surface microstructure, while superoleophilicity allowed the oil part to wet the surface microstructures and the microholes quickly and further penetrate through the PTFE sheet. By comparison, if the PTFE sheet with only microholes (without fs laser treatment) was used to perform such separation experiment, not only oil but also water was able to pass through the sheet.
It has been demonstrated that the fs laser-structured PTFE surface can maintain superhydrophobicity even in various harsh environments. In addition to the neutral mixture, the asprepared rough porous PTFE sheet also can efficiently separate the mixtures of oils and different strong acid/alkali solutions. As shown in Fig. 10a-c , as the mixture of oil and HCl solution with the pH of 1 was added in the separating device, the oil phase would easily pass through the sheet while the water always remained in the upper tube, indicating that oil phase was removed from the acid mixture. Similarly, the mixture of oil and corrosive KOH solution (pH ¼ 13) could also be separated through the same process (Fig. 10d-f) . It can be predicted that this separation device is able to work in different harsh environments.
The separation of immiscible products from chemical reaction systems is a typical and important "oil/water separation" process in chemical industry. Xu et al. prepared a superwetting PTFE membrane with regular micro-porous array by using a laser PBP ablation method. 209 The membrane exhibits highly hydrophobic/oleophilic in air and underwater superoleophilic. A continuous in situ separation of chemical reaction system was well conducted by using the functional membrane. They further applied the laser-treated porous membrane with superhydrophobicity and superoleophilicity in the continuous in situ extraction of multiphase complex systems. 
Underwater superoleophobic porous lm
Li et al. fabricated a regular micropores array on the aluminum foil through the fs laser perforating process and further successfully achieved OWS by using the as-prepared porous foil.
28 Fig. 11a shows the fabrication process. The fs laser beam was focused on the surface of an aluminum foil (thickness ¼ 25 mm), with the diameter of focus spot being about 20 mm. The typical PBP ablating manner was adopted and the location of the ablating point was controlled by a galvanometer scanner. For example, just 4-5 pulses could burn through the thin aluminum foil at the laser pulse energy of 50 mJ. A brilliant iridescence was presented by the fabricated aluminum foil when the sample was illuminated by white light, resulting from the light diffraction (Fig. 11b) . The SEM image reveals that a uniform array of microscale pores was created on the aluminum foil surface (Fig. 11c) . The rim and inside wall of every micropore were further coated with ne nanostructures (Fig. 11d) . It was demonstrated that all of the laser-drilled pores were opening from the transmission microscope photograph (inset of Fig. 11c ). Further experiment revealed that the diameter of the pores could be easily tuned in the range of 2.4 to 32 mm by adjusting laser power and pulse numbers. The combination of the microscale pores and the nanoscale roughness enhanced the surface wettability of the foil from intrinsic ordinary hydrophilicity with a WCA of 53.9 to superhydrophilicity with a WCA of 7.8 ( Fig. 11e) . Aer the immersion of the microporous aluminum foil in water, superoleophobicity was exhibited by the foil with the OCA values of 153.5 and 153.1 to a normal octane droplet (Fig. 11f ) and a 1,2-dichloroethane droplet (Fig. 11g) , respectively. With increasing the diameter or decreasing the interval of the generated micropores, it was found that the foil became more hydrophilic and more oleophobic in water. The contrary wettabilities for oil and water allowed the as-prepared foil to separate OWM. The separating device in Fig. 11h was used the as-prepared porous aluminum foil (micropores' diameter ¼ 8.2 mm, micropores' interval ¼ 60 mm) as the separating membrane. The membrane was pre-wetted with water and was horizontally sandwiched between a tube and a conical ask. When the mixture of light oil (octane, red color) and water (blue color) was poured into this device, water instantly started penetrating through the micropores by the superhydrophilicity of the laser-induced porous aluminum foil and the gravity force. In contrast, oil was blocked above the underwater superoleophobic aluminum foil ( Fig. 11h  and i ). Such separation process could nish within 13 s and no extra force was needed apart from gravity. Ye et al. also prepared an underwater superoleophobic perforating titanium foil by fs laser micro-drilling, which was successfully applied in OWS. 78 Aer fs laser treatment, an array of funnel-shaped through microholes was formed on the foil. The diameter of the fs laser-induced microholes was about 55 mm fabricated at the laser uence of 12.4 J cm À2 , and enlarged with increasing the laser uence. The wall of every microhole was fully decorated with irregular nanoscale protrusions with the size of several hundred nanometers. The oxidization of the Ti substrate during fs laser ablation was also detected. The resultant microholes-structured foil showed superhydrophilicity with a WCA near 0 in air and superoleophobicity with an OCA of 159.6 in water. Aer the mixture of water and sesame oil being poured onto the pre-water-wetted porous foil, the water in the mixture quickly penetrated through the lter and the oil was retained above the foil due to its underwater oil repellency. Fabrication of micro-through-hole structures usually makes the preparation process become complicated, high-cost, and time-consuming. In some cases, the inherent microholes of the porous substrates can be directly utilized. Yin et al. fabricated an oil/water separating mesh by one-step fs ablation without the further process of the generation of microholes. 79 The pores of the metal mesh served as the through microholes of the separating membrane. A stainless steel mesh was simply ablated by the fs laser based on the LBL scanning manner. The laser beam (power ¼ 7 W) was focused on the mesh surface through an Ftheta lens (f ¼ 100 mm). Fs laser treatment led the color of the mesh (300 mesh) to change from brilliant silver to black, resulted from the formation of the nanostructures on the mesh surface. There were uniform periodic nanoscale ripples with the period of about 500-800 nm covering on the wire surface (Fig. 12a) . The average depth of the nanoripples was 130 nm. Such nanoripple is one of the typical results of fs laser-solid interaction. The surface of the nanoripples was further decorated with plenty of nanoscale particles with the size ranging from tens to hundreds of nanometers (Fig. 12b) . The mesh was also oxidized during laser irradiation because new element O with the element weight of 6.37% emerged. The fs laser-induced uniform nanoripple structures and the oxidation turned the wettability of the stainless steel mesh from hydrophobicity (for the pristine mesh) to superhydrophilicity with the WCA of near 0 (Fig. 12c) . When the laser-ablated mesh was immersed in water and an 1,2-dichloroethane droplet was placed on the mesh surface, underwater superoleophobicity was exhibited by the mesh with an OCA of 157 (Fig. 12d) . The as-prepared mesh also showed ultralow oil-adhesion since the oil droplet could roll away as long as the mesh was tilted about 5 . Fig. 12e displays the process of separating an OWM by using the laserstructured mesh. The superhydrophilic and underwater superoleophobic mesh was wetted by water in advance and placed over two beakers. The right beaker was higher than the le one, making the mesh have a tilted angle of $25 . As the OWM was poured onto the pre-wetted rough mesh, water (blue color) penetrated through the superhydrophilic mesh and dropt into the right collecting beaker. By contrast, diesel oil (red color) quickly owed over the mesh and nally was collected by the le beaker under the force of gravity. As a result, the mixture was completely separated. Further experiment revealed that the laser treated mesh exhibited a universal underwater superoleophobicity regardless of the oil type and the measured separation efficiency was above 99% for different types of OWMs by using the as-prepared mesh as the separating membrane.
Janus lm
According to the category of surface wettability, superhydrophobic separating lter and underwater superoleophobic separating lter are introduced in the above sections, respectively. To achieve efficient OWS, the former allows oil to permeate through but blocks water due to its superhydrophobicity, whereas the latter just allows water to pass through but intercepts oil due to the underwater superoleophobicity. It can be found that both of such two separating lms are not universally applicable. Each separating material is only suitable for a certain case. 11, 19 For the simplest separating device fabricated by horizontally sandwiched a superwetting porous membrane between two tubes, the superhydrophobic membrane is suit to separate the mixture of heavy oils and water, while the underwater superoleophobic membrane is suit to separate the mixture of light oils and water. Furthermore, those separating membranes are not able to allow oils or water to unidirectionally pass through. The inverse ow in a real separation usually happens and results in low separation efficiency and poor separation selectivity. To solve the abovementioned problems, some Janus membranes with asymmetric surface microstructures and wettabilities were fabricated. 211 For instance, Liu et al. reported a Janus metal mesh that was prepared by fs laser treatment and selectively modifying the two sides with uoroalkylsilane and GO, respectively. (Fig. 13b) . Secondly, the mesh was treated by uoroalkylsilane modication to allow the front side to have superhydrophobicity. Water droplet on such front mesh surface showed a WCA of 160 (inset of Fig. 13a ) and could roll away on the 2 tilted mesh (Fig. 13h) , while oil droplet directly spread out the front mesh aer coming in contact with the mesh (Fig. 13i) . Thirdly, the mesh's backside was ablated by fs laser at a relatively low laser power (100 mW, 1.27 Â 10 3 J m À2 ) to not only remove the residual uoroalkylsilane on the backside but also generate worm-like ripples on the back surface of the mesh (Fig. 13c) . Finally, the rough back side was modied with a layer of GO via the dip coating method, ensuring that the worm-like nanoripples were well identied from the laser-treated substrate. Since the GO was rich in hydrophilic oxygen groups (such as hydroxyl and carboxyl groups), the back surface of the resultant mesh became superhydrophilic in air (Fig. 13j) . Aer the immersion of the mesh in water, the back side exhibited superoleophobicity with OCA of 161 to an n-hexane droplet (inset of Fig. 13a ). Underwater oil droplet could also easily roll off the back side of the mesh with a slight tilted angle (Fig. 13k) . Therefore, the as-prepared mesh showed Janus wettability because its one side was superhydrophobic/superoleophilic and another side was superhydrophilic/underwater superoleophobic.
By using the Janus mesh, selective gravity-driven separation of the mixtures of water and no matter heavy or light oils was achieved. They found the intrusion pressure played a signicant role in different types of OWS. In the case of a light oil (bean oil), the mesh was sandwiched between two plastic tubes and the uoroalkylsilane modied side faced upward. Aer the OWM being added into the separating device, it could be observed that only water passed through the Janus mesh (Fig. 13d) . As shown in Fig. 13f , the superhydrophobic side was rstly contact with the mixture. There was a hydrostatic pressure pushing the water to penetrate the mesh but a hydrophobic force resisting this penetration. For a much small hydrostatic pressure, the separation would not start because the superhydrophobicity prevented the mixture from permeating through the mesh. Therefore, the hydrostatic pressure must be large enough. When water penetrated into the pores of the mesh deeply and made in contact with the hydrophilic region beneath, the water would entirely pass through the mesh and fully wetted the superhydrophilic side by the capillary effect, forming a water layer on the superhydrophilic side beneath. Oil was able to wet the superhydrophobic side of the Janus mesh but was blocked by the superhydrophilic/underwater superoleophobic side, so the mesh could support a certain height of the oils. Regarding the mixture of water and heavy oils (e.g., CCl 4 ), the GO modied side needed to face upward, allowing the oil to rst contact with the mesh. It could be observed that only oil phase in the mixture could pass through the Janus mesh (Fig. 13e) . As shown in Fig. 13g , the oil was able to wet the surface and penetrate easily due to the in-air oleophilicity of both the GO modied side and the uoroalkylsilane modied side. When the water phase also touched the oil-wetted mesh, it wet the GO modied side due to the superhydrophilicity but did not pass through the superhydrophobic below half part. The mesh could support a certain pressure of water. Therefore, both the light OWM and the heavy OWM can be selectively separated as long as a proper side of the Janus mesh faces up.
Although many Janus membranes with asymmetric wettabilities have been reported and applied in oil/water separation, in most cases, the Janus membranes are prepared by the selective modication of one side, sequential decoration, or directly combining two membranes together. [204] [205] [206] [207] [208] Compared to the common methods, fs laser microfabrication is able to get precise control over the surface micro/nanostructures and the chemical composition on both sides of porous mesh/ membranes synchronously, which shows great advantages in achieving distinct wetting behaviors on the two sides of the Janus membrane.
Selective oil/water separation
Lian et al. reported a simple method to realize selective light or heavy OWS by using the nanosecond laser ablated brass mesh.
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A low-cost nanosecond laser marking system (pulse width of 100 ns, Q frequency ¼ 20 kHz) was adopted to generate rough texture on the surface of the mesh based on the LBL scanning process. The surface of the original bare brass mesh (200 mesh size) is smooth (Fig. 14a) . The nanosecond laser ablation resulted in a coating layer of micro/nanoscale binary structure on the wire of the mesh (Fig. 14b) . The pore size of the mesh also decreased from 75 mm to 65 mm due to the formation of the rough surface microstructures on the wires (Fig. 14a and b) . In addition, O element was found to appear on the resultant surface, indicating that metal oxidation happened during laser ablation. Laser ablation made the mesh exhibit superhydrophilicity and superoleophilicity simultaneously in air. When water and oil (kerosene) droplets was dripped onto the resultant mesh, they would spread out quickly aer just contact, resulting in a WCA below 10 and an OCA of about 0 . If the mesh was immersed in liquid phase, the wettability of the asprepared mesh would change obviously. Fig. 14c shows an oil (1,2-dichloroethane) droplet on the laser-treated mesh underwater. The oil droplet looked like a sphere with an OCA of 157.5 , revealing that the mesh was superoleophobic in water.
The superoleophobicity was ascribed to the underwater Cassie wetting of the oil on the rough mesh. Similarly, for the case of the rough mesh in oil (kerosene), water droplet that was put on the mesh showed a WCA of 156.3 ; that is, the laser-treated mesh also had underoil superhydrophobicity (Fig. 14d) . When the rough mesh was submerged in oil, the oil would rapidly wet the mesh due to the superoleophilicity of the mesh and an oil layer would be trapped in the hierarchical microstructures. The underoil water droplets on the mesh were strongly repelled by such trapped oil cushion which dramatically decreased the contact area between the mesh surface and the water droplets, resulting in the underoil superhydrophobicity of the textured mesh. The underwater superoleophobicity as well as the underoil superhydrophobicity of the laser-ablated mesh was valid for many different oils, including kerosene, soybean oil, dodecane, chloroform, and 1,2-dichloroethane. Based on the special wettability (underwater superoleophobicity and underoil superhydrophobicity), the resultant mesh was able to selectively separate the light or heavy OWMs. The separating device may not seem very different from the above-mentioned setup by sandwiching the separating membrane between two tubes ( Fig. 14e and f) . The key here is to correctly wet the mesh in advance. Regarding the mixture of kerosene (light oil) and water, the mesh needed to be previously wetted by a little water. When the mixture was added into the upper tube, only the water phase in the mixture could pass through the pre-wetted mesh and be collected in the below container while the oil phase was held back (Fig. 14e) . Aer the separation, the mesh was cleaned with ethanol and was able to further separate the mixture of 1,2-dichloroethane (heavy oil) and water. In this case, the mesh needed to be wetted by a small amount of oil. Aer the mixture being added into the separating device, the oil could penetrate through the pre-wetted mesh, and there was no water appearing in the collected oil (Fig. 14f) . Also, the mesh was easily switched to separate light OWM again aer cleaning with ethanol. The underwater superoleophobicity endowed the water-wetted mesh with the ability to separate light OWMs, whereas the underoil superhydrophobicity allowed the oil-wetted mesh to separate heavy OWMs. The switch between those two separating ways could be repeated for at least ve cycles with high separation efficiency. Although nanosecond laser was utilized to rough the mesh surface in the above example, we believe the surface microstructures and the special wettability can also be created by fs laser through the same treatment. The fs laser-textured mesh with underwater superoleophobicity and underoil superhydrophobicity is also able to selectively separate OWM, like the above example. Therefore, we loosely introduce this example here and we can predict that the similar method for selective OWS based on the fs laser-induced super-wetting porous materials will be reported within the next year or two.
Oil-absorption 3D materials
Different from the superwetting separating mesh/membranes, superhydrophobic and superoleophilic 3D porous bulk materials can directly absorb oils from no matter water surface or underwater, thereby the contaminated oils are completely removed from the OWM and be collected for reuse. 190, 192, [195] [196] [197] [198] [199] [200] [201] [202] [203] Oil-absorption 3D materials are better than separating membranes in some special cases towards achieving efficient OWS, such as leaked heavy oils, a small amount of oil being leaked to sea surface, etc. However, laser ablation is not suit to process uneven surface, especially for 3D materials such as foam, sponge, etc. Fortunately, 2D membrane can be folded into a 3D shape, similar to origami. Zhang et al. proposed a method to make the fs laser-structured 2D foil become a 3D oilabsorption barrel. 62 They fabricated a tapered microholesstructured Janus oil barrel by fs laser micro-drilling, uo-roalkylsilane modication, laser scanning the lower surface, and assembling. Such novel oil barrel had a superhydrophilic inside wall and a superhydrophobic outside wall, which could efficiently remove oil from water surface. Fig. 15a shows the preparation process. Firstly, a uniform microholes array was fabricated on an aluminum foil by using fs laser micro-drilling (i.e., PBP ablation) (Step 1). The location of the ablation points was precisely controlled by a high-speed galvanometer scanner. The diameter of the focus spot of the fs laser beam was $20 mm, and that of the generated microholes could be adjusted from 14.05 to 31.3 mm by changing the laser pulse energy and the pulse number. The period of the microholes array was set at 100 mm. Both the upper and the lower surfaces of the treated aluminum foil showed superhydrophilicity aer laser drilling (le column of Fig. 15c) . Secondly, the wettability of the foil was switched from superhydrophilicity to superhydrophobicity by the uoroalkylsilane modication (Step 2). As a result, the water droplets on the upper surface and lower surface of the foil had the WCA values of 166.7 and 158.4 , respectively (middle column of Fig. 15c ). Aer that, only the lower surface was ablated by fs laser via the LBL scanning process (Step 3). Such treatment is a means to remove the uorination composition on the lower surface. Fig. 15b shows the microstructures of both side of the as-prepared foil, respectively. Surrounding area of the microholes on the upper surface was completely covered with microscale fragments (2 to 10 mm), while that on the lower surface was covered with nanoscale protuberances (0.2 to 1 mm).
The cross-section SEM image shows that the fabricated microholes had a tapered morphology with the taper angle of 25-30 , resulting from the Gaussian laser ablation (inset of Fig. 15a ). There were a lot of micro/nanoscale wrinkles distributing on the microholes' inner wall. Aer the 3rd step, the upper surface maintained its superhydrophobicity with the WCA of 158. the as-prepared aluminum foil had not only different surface microstructures but also different surface wettabilities on both sides, showing a Janus feature. An oil barrel was easily assembled by curling the exible Janus porous aluminum foil (4th and 5th steps in Fig. 15a ). The as-prepared Janus barrel had a superhydrophobic/ superoleophilic outside wall and a superhydrophilic/ underwater superoleophobic inside wall. Such Janus barrel showed great oil-absorption and storage capacity towards collecting spilled oil. The inside wall was pre-wetted by a little water before use. As shown in Fig. 15d , once the Janus barrel (diameter of the microholes ¼ 40.3 mm, interval of the microholes ¼ 100 mm) was put into a beaker that was lled with the mixture of 600 mL water (blue color) and 30 mL oil (octane, red color), the oil-absorption process would start instantly under the capillary force. The barrel was lled by absorbed oil gradually. In addition, no water was found in the oil barrel because the superhydrophobic outside wall was able to prevent water from entering into the barrel. About 33 s later, all the spilled oil was absorbed and collected in the barrel. Meanwhile, the muddy OWM in original beaker turned to very clear. It was demonstrated that the oil-absorption speed increased with the increase of the diameter of the microholes. The average ux reached up to 45 000 L m À2 h À1 for the Janus foil with the hole diameter of 40.3 mm. Interestingly, the Janus oil barrel also had the ability to eliminate secondary leakage. The absorbed/ collected oil could not ow out of the barrel because the oil was blocked by the underwater superoleophobic inside wall. In contrast, the oil that was absorbed into a common barrel with superhydrophobicity on its both sides could also ow out from the barrel. In addition to the advantages of high efficiency, high ux, high intrusion pressure, large absorption and storage capacity, the Janus barrel could also remove oils in oil-in-water emulsions.
Conclusions and perspective
OWS is a global challenge in the aspect of protecting ecological environment and reducing the economic loss caused by the oil spill and the discharge of oily wastewater. Recently, porous materials with superhydrophobicity or superoleophobicity have been developed to efficiently separate various OWMs, because OWS is actually an interfacial issue. Due to the features of small heat-affected zone, high spatial resolution, extensive material processing, and non-contact manufacturing, fs laser microfabrication has been successfully applied to design extreme wettability on various material surfaces. Such technology is able to not only process a broad range of substrate materials but also create both large-area micro/nanoscale hierarchical structures and perforating microholes array on a thin lm. In this review, we mainly summarize the recent applications of the fs laserstructured superhydrophobic or underwater superoleophobic porous materials in OWS. Inspired by lotus leaf and sh scale, superhydrophobicity and underwater superoleophobicity are respectively achieved on the surfaces of various materials by combining fs laser-designed surface microstructures and hydrophobic/hydrophilic chemistry. The diversity of the surface wettabilities of the fs laser-structured materials endows these materials with the ability to separate OWMs in a variety of ways. The practical oil/water separating application of the fs laserinduced superwetting porous materials is introduced in detail, including the wettability, separating method/operation, and the separation mechanism of each case. The research related to the fs laser-structured oil/water separating materials was rst reported in 2016, and is currently still in its infancy. Many problems and challenges should be solved in the coming years. Firstly, the efficiency of fabricating superwetting porous materials needs to be improved because it is important for large-scale real OWS. More advanced laser-ablation manner (e.g., processing based on a cylindrical focusing lens, automatic parallel processing) and the laser system with higher power are eagerly awaited. Secondly, poor mechanical/chemical durability usually results in the decline of the surface superwettability as well as the oil/ water separating capacity of the separating materials aer several cycles of use. Endowing those materials with durable superhydrophobicity and superoleophobicity can extend their service life. Thirdly, the oil contaminants in a real condition are usually very complex rather than the pure oily liquids that are used in the proof-of-concept separation experiments. For example, high-viscosity and high-density oils will potentially foul the separating materials or block the micropores of the substrate, weakening the separation ability of the fabricated materials. There also exist many different kinds of oil/water emulsions. The materials and methods for separating the complex mixtures of water and high-viscosity oils and the emulsions are required to be further developed. Fourthly, more researches need to be focused on understanding the dynamic interaction between the superwetting porous substrate and the OWM. Such interaction mechanism has a positive role in designing and fabricating various separating materials, as well as the use of those materials to achieve efficient OWS. Finally, and perhaps most importantly, researchers should attempt to bring the fs laser-induced superwetting porous materials to market and design practical large instrument by using those oil/ water separating materials as the core components in the future, practically preventing the environmental pollution caused by the discharge of oily industrial wastewater and oil spills.
It could be expected that the development trend of OWS will have an explosive growth towards the design of materials and the separating methods. We believe that the advanced features of fs laser microfabrication will lead to an exciting future in the eld of OWS.
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